Although regulation of energy metabolism has been linked with multiple disorders, its role in depression and responsiveness to antidepressants is less known. We found that an epigenetic and energetic agent, acetyl-L-carnitine (LAC, oral administration), rapidly rescued the depressiveand central and systemic metabolic-like phenotype of LAC-deficient Flinders Sensitive Line rats (FSL). After acute stress during LAC treatment, a subset of FSL continued to respond to LAC (rFSL), whereas the other subset did not (nrFSL). RNA sequencing of the ventral dentate gyrus, a mood-regulatory region, identified metabolic factors as key markers predisposing to depression (insulin receptors Insr, glucose transporters Glut-4 and Glut-12, and the regulator of appetite Cartpt) and to LAC responsiveness (leptin receptors Lepr, metabotropic glutamate receptors-2 mGlu2, neuropeptide-Y NPY, and mineralocorticoid receptors MR). Furthermore, we found that stress-induced treatment resistance in nrFSL shows a new gene profile, including the metabolic regulator factors elongation of long chain fatty acids 7 (Elovl7) and cytochrome B5 reductase 2 (Cyb5r2) and the synaptic regulator NPAS4. Finally, while improving central energy regulation and exerting rapid antidepressant-like effects, LAC corrected a systemic hyperinsulinemia and hyperglicemia in rFSL and failed to do that in nrFSL. These findings establish CNS energy regulation as a factor to be considered for the development of better therapeutics. Agents such as LAC that regulate metabolic factors and reduce glutamate overflow could rapidly ameliorate depression and could also be considered for treatment of insulin resistance in depressed subjects. The approach here serves as a model for identifying markers and underlying mechanisms of predisposition to diseases and treatment responsiveness that may be useful in translation to human behavior and psychopathology. metabolic factors | acetylcarnitine | dentate gyrus | insulin | RNAseq P revious research has shown that agents that influence energy homeostasis, such as the epigenetic molecule acetyl-L-carnitine (LAC), exert rapid antidepressant-like effects by correcting imbalance of the glutamate system in the hippocampus of a genetic rat model of depression, Flinders Sensitive Line rats (FSL), and in a mouse model of stress-induced depressive-like traits (1-3). LAC, which passes through the blood-brain barrier, is a nutritional supplement and is also synthetized in the brain, liver, and kidney (4). Among its beneficial effects on the brain and the body, LAC regulates mitochondrial metabolism by facilitating transfer of fatty acids from the cytosol to the mitochondrial matrix for subsequent β-oxidation (5), needed for energy metabolism, deficits of which have been associated with a variety of diseases, including psychiatric disorders (6). However, the role of energy regulation in depression and in the responsiveness and/or resistance to antidepressants is less known.
Although regulation of energy metabolism has been linked with multiple disorders, its role in depression and responsiveness to antidepressants is less known. We found that an epigenetic and energetic agent, acetyl-L-carnitine (LAC, oral administration), rapidly rescued the depressiveand central and systemic metabolic-like phenotype of LAC-deficient Flinders Sensitive Line rats (FSL). After acute stress during LAC treatment, a subset of FSL continued to respond to LAC (rFSL), whereas the other subset did not (nrFSL). RNA sequencing of the ventral dentate gyrus, a mood-regulatory region, identified metabolic factors as key markers predisposing to depression (insulin receptors Insr, glucose transporters Glut-4 and Glut-12, and the regulator of appetite Cartpt) and to LAC responsiveness (leptin receptors Lepr, metabotropic glutamate receptors-2 mGlu2, neuropeptide-Y NPY, and mineralocorticoid receptors MR). Furthermore, we found that stress-induced treatment resistance in nrFSL shows a new gene profile, including the metabolic regulator factors elongation of long chain fatty acids 7 (Elovl7) and cytochrome B5 reductase 2 (Cyb5r2) and the synaptic regulator NPAS4. Finally, while improving central energy regulation and exerting rapid antidepressant-like effects, LAC corrected a systemic hyperinsulinemia and hyperglicemia in rFSL and failed to do that in nrFSL. These findings establish CNS energy regulation as a factor to be considered for the development of better therapeutics. Agents such as LAC that regulate metabolic factors and reduce glutamate overflow could rapidly ameliorate depression and could also be considered for treatment of insulin resistance in depressed subjects. The approach here serves as a model for identifying markers and underlying mechanisms of predisposition to diseases and treatment responsiveness that may be useful in translation to human behavior and psychopathology. metabolic factors | acetylcarnitine | dentate gyrus | insulin | RNAseq P revious research has shown that agents that influence energy homeostasis, such as the epigenetic molecule acetyl-L-carnitine (LAC), exert rapid antidepressant-like effects by correcting imbalance of the glutamate system in the hippocampus of a genetic rat model of depression, Flinders Sensitive Line rats (FSL), and in a mouse model of stress-induced depressive-like traits (1) (2) (3) . LAC, which passes through the blood-brain barrier, is a nutritional supplement and is also synthetized in the brain, liver, and kidney (4) . Among its beneficial effects on the brain and the body, LAC regulates mitochondrial metabolism by facilitating transfer of fatty acids from the cytosol to the mitochondrial matrix for subsequent β-oxidation (5), needed for energy metabolism, deficits of which have been associated with a variety of diseases, including psychiatric disorders (6) . However, the role of energy regulation in depression and in the responsiveness and/or resistance to antidepressants is less known.
Because the ventral dentate gyrus (vDG) has a key role in regulating resilience to stress and antidepressant actions (7), we implemented a microdissection approach to screen global gene expression, using RNA sequencing (RNAseq), in the vDG to start to identify genes predisposing to depression, genes that confer response to LAC, and genes that produce some resistance to the response to a low dose of LAC in a subset of FSL after an acute stress. Endogenously depressed FSL were subjected to an acute stress to mimic life events that could be related in humans, for example, to the stress of acute hospitalization, to study whether an acute stress could affect the responsiveness to a drug. We report that signatures of central metabolic syndrome are associated with the depressive-like phenotype of FSL and that LAC oral administration exerts rapid antidepressant-like effects while improving central energy metabolism in the vDG and systemic hyperinsulinemia and hyperglycemia. Neuroanatomically, the vDG, which corresponds to the human anterior hippocampus, appears as a "hot spot" for central energy dysregulation associated with the depressive-like phenotype of FSL as revealed by robust changes in Insr, Glut-4, and Cartpt(CART Prepropeptide). After an acute stress during LAC treatment, we identified Lepr and the previously uncovered markers of mood regulation, mGlu2 receptors (1), mineralocorticoid receptors (MR) (8) , and neuropeptide-Y (NPY) (9, 10) , among the genes that confer responsiveness to the antidepressant treatment, whereas elongation of long chain fatty acids 7 (Elovl7)-and cytochrome B5 reductase 2 (Cyb5r2)-mediated regulation of fatty-acid elongation and neuronal PAS domain protein 4 (NPAS4)-mediated synaptic reorganization were found to be associated with resistance to such a low dose of LAC Significance Responsiveness, resistance to, and speed of treatment are major problems for depression. The energetic and epigenetic agent acetyl-L-carnitine (LAC) is known to exert rapid antidepressant-like effects in LAC-deficient Flinders Sensitive Line rats. Here, we identified central metabolic-regulator genes (e.g., insulin and glucose signaling) in ventral dentate gyrus (vDG), a mood-regulatory region, as key factors predisposing to depression and LAC responsiveness. While improving central energy regulation and exerting rapid antidepressant-like effects, LAC corrects systemic metabolic markers of hyperinsulinemia. Also, acute stress during the treatment alters the responsiveness to LAC and induces some resistance to the treatment with a new gene profile, whereby, again, metabolic factors in vDG are key players. These results posit vDG energy regulation as factor to be considered for development of better therapeutics.
in some FSL. Thus, treatment resistance seems to be an active process where new states emerge as a function of resistance in the brain of some animals in response to LAC antidepressant treatment after acute stress. Finally, we found that alterations in central metabolic factors were concomitant with a systemic metabolic dysregulation, whereby LAC antidepressant treatment corrected the hyperinsulinemia and hyperglycemia in responder FLS (rFSL) but not in nonresponder FSL (nrFSL). These findings show that central and systemic metabolic markers are involved in the pathophysiology of depression and are key factors to be considered for the development of better therapeutics. Our findings also suggest that FSL can be a useful model for comorbidity of depressive and central and systemic metabolic-like phenotypes (11, 12) as well as a stress-induced model of treatment resistance.
Results
Endogenously Depressed FSL Rapidly Respond to a Low Oral Dose of LAC and Some Develop Resistance to Response After Acute Stress.
Intraperitoneal injections of the epigenetic and energetic agent LAC, a molecule that epigenetically up-regulates mGlu2 expression, rapidly corrects mood abnormalities [i.e., passive behavior in the forced swim test (FST) and low sucrose preference] while correcting hippocampal deficits in a genetic rat model of risk for depression and in mice that develop depressivelike traits after chronic stress (1) . We treated the endogenously depressed FSL and their controls, Flinders Resistant Line rats (FRL) (13) , with a LAC oral low dose for 6 d (Supporting Information) to mimic the oral route used in humans. We assessed the treatment effects using the FST (Fig. 1A) , a test of behavioral despair with pharmacological validity (14) that measures duration of swimming/struggling in a water-filled cylinder as a surrogate for psychomotor retardation which is one of the depression hallmarks in humans. As expected, vehicle-treated FSL (veh-FSL) showed increased immobility in the FST compared with vehicle-treated FRL (veh-FRL) ( Fig. 1  B and C) . Six days of LAC corrected the depressive-like behavior of FSL as shown by a robust decrease in the immobility of LAC-treated FSL ( Fig. 1 B and C) . This rapid antidepressant effect of LAC is in line with previous findings showing that LAC exerts rapid antidepressant-like effects, whereas tricyclic antidepressants (TCAs) take a longer time in the same animal model (1, 15) . No difference in locomotion in an open field apparatus over 5 min was observed between FSL and FRL treated with LAC or vehicle, allowing us to exclude that changes in immobility could be due to nonspecific effects of LAC on locomotion (Fig. S1 ).
Next, to study a potential role of stress in altering the responsiveness to LAC and possibly also in inducing a resistance to the treatment, we subjected endogenously depressed FSL to a stress episode (a 15-min FST on day 6) during a 7-d-long LAC treatment ( Fig. 2A) . In a 5-min FST on day 7 to test LAC effects after acute stress, we found again an increased immobility of veh-FSL vs. veh-FRL (Fig. 2B) . After the stress episode on day 6, LAC corrected immobility in rFSL, whereas the subset of nrFSL did not show a response to the treatment and still showed high immobility on day 7 ( Fig. 2 B and C) . LAC had no effect upon the immobility of FRL at day 6 ( Fig. 1 B and C) and day 7 (Fig. S2) , as also reported by findings showing that LAC action is specific to FSL with an inherent LAC deficiency (1). These results suggest that the acute stress on day 6 altered the responsiveness to LAC, with some FSL developing resistance to the treatment (nrFSL).
vDG Transcriptomes Reveal Markers Predisposing to Depression
and Treatment Responsiveness and Resistance. Recently, the vDG has emerged as a critical mediator for resilience to stress and antidepressant action, including rapid actions (7) . Although gene expression changes in the hippocampus of genetic and environmentally induced animal models of depression have been well characterized within, for example, the hippocampal CA3 region, very little is known about the vDG transcriptome ( Fig. 3A) (16, 17) . Thus, we used an RNAseq in veh-FSL, veh-FRL, rFSL, and in nrFSL (Table S1 ) to begin to distinguish genes that confer response to LAC from genes that produce some resistance to response to a low dose of LAC in FSL after acute stress, as well as revealing genes responsible for the depressive phenotype of FSL. We validated our microdissection approach by examining the expression of a gene, lactase (LCT), known to be absent in the vDG (7) (Fig. S3) .
The heat map and dendrogram resulting from hierarchical clustering analysis for the vDG, in three biological replicate experiments, displayed a clear-cut wide diversity of global RNA expression profiles between veh-FSL and veh-FRL (Fig. 3B ). The rFSL, responding to LAC treatment, show vDG gene expression patterns in the heat maps that begin to resemble those of veh-FRL (Fig. 3B ), indicating that LAC corrected many of the gene expression changes associated with the depressive-like phenotype of FSL. Notably, the global RNA expression profile of nrFSL spanned the RNA profile of both veh-FSL and veh-FRL, indicating that, although a large number of gene expression changes were rescued by LAC in nrFSL, many genes remained unaltered and other genes changed in nrFSL as a result of the acute stress. These genes rendered the nrFSL resistant to LAC treatment (Fig. 3B) . These findings suggest that treatment resistance is an active process in which new clusters of genes are altered rather than a lack of effects in correcting a global RNA expression profile in unresponsive individuals.
Venn diagrams for the genes differentially expressed in veh-FSL and rFSL (Fig. 3C) , either one compared with control veh-FRL, revealed that LAC treatment in rFSL rescued 749 out of the 807 genes, which were differentially expressed in veh-FSL vs. veh-FRL. In contrast, the remaining 58 genes (out of the 807) (Fig. 3C , brown) remained differentially expressed in rFSL, thus seeming not to account for the response to LAC treatment. Interestingly, the cluster of 50 genes (Fig. 3C, green) , which emerged in rFSL that responded to LAC and that were not different in veh-FSL compared with veh-FRL, could be ones that compensate for the genetic predisposition of FSL. Next, Venn diagrams for the genes differentially expressed in veh-FSL and in nrFSL, either one compared with veh-FRL, showed that although lacking response nrFSL nevertheless showed gene responses to LAC similar to those in rFSL (Fig. 3D) , with 562 genes rescued by LAC. However, a cluster of 245 genes (Fig. 3D, pink) , which were differentially expressed in endogenously depressed veh-FSL vs. veh-FRL, was still not changed by LAC treatment in nrFSL, suggesting that such a cluster is required for the responsiveness to LAC treatment (markers of treatment response). In addition, a new set of 30 genes (Fig. 3D, gray) , which were not previously differentially expressed in veh-FSL compared with veh-FRL, seemed to be altered in nrFSL, thereby suggesting an active process in the stress-mediated induction of resistance to the treatment (markers of treatment resistance) with occurrence of a new gene expression profile in nrFSL after acute stress.
Finally, Venn diagrams of the cross-comparisons (information in Fig. 3 C and D is summarized in Fig. 3E ) of differentially expressed genes in veh-FSL, rFSL, and nrFSL, either one compared with control veh-FRL, further narrowed the markers of treatment resistance to 27 (Fig. 3E, gray ) out of the above-mentioned 30 genes; the remaining three (Fig. 3E , dark green) genes were commonly altered in both nrFSL and rFSL rats, regardless of the response to LAC. Similarly, the markers of treatment response were restricted to 205 (Fig. 3E, pink) out of the 245 above-mentioned genes [the remaining 40 genes (Fig. 3E , inner intersection) were also altered in rFSL]. Finally, the remaining 544 (Fig. 3E, red) out of 749 abovementioned genes were identified as markers of genetic contribution to depressive-like behavior (Fig. 3E) . We note that the cluster of 205 markers of treatment response, which, as described above, was altered in both nrFSL and veh-FSL, was instead rescued by LAC treatment in rFSL rats (Fig. 3E) , thus reinforcing a role of such a cluster in the responsiveness to LAC.
Genes Predisposing to Depression. Using Gene Ontology (GO) analyses for biological processes, we found that the 544 genes here identified as markers predisposing to a depressive-like phenotype belong to several meaningful gene categories including responses to lipid and vitamin D, regulation of cell migration and protein phosphorylation, and cellular metabolic processes along with biological processes known to be affected in depression, such as regulation of gene expression, chromatin organization, inflammatory responses, NF-κB signaling, and immune system processes as well as response to stress, hormone, and growth factors (Fig. 3F and Table S2 ).
Given the importance of energy regulation for any biological process (18), we started by screening genes known to be involved in such regulatory processes in our RNAseq databank for the vDG and performed subsequent quantitative PCR (qPCR) validation on larger biological replicate cohorts. Among the 544 markers predisposing to depression, we identified meaningful up-regulation of many biological markers involved in energy metabolism. Such upregulated genes that are associated with the depressive-like phenotype of FSL include Lepr, Insr, Cartpt (a prohormone involved in the regulation of appetite through NPY signaling), and Glut-4 with 2-, 10-, 2-, and 4-fold change up-regulation in qPCR validations, respectively (Fig. 4 A-D) . The magnitude of such changes suggests that endogenously depressed FSL show central alterations in energy homeostasis with a development of a resistance to the action centrally of insulin through a mechanism that is not linked to Glut-4, which is up-regulated. The unexpected direction of these robust changes provides a starting point for the study of the mechanisms of comorbid depression and metabolic syndromes, for example, whether the increase in Glut-4 may be a compensatory mechanism in response to changes in other glucose transporters that may lead to a deficit in central glucose levels, such as Glut-12, which show a fivefold up-regulation in veh-FSL compared with veh-FRL and the direction of this change is reversed in rFSL with a reduced 1.8-fold change compared with veh-FRL (Fig. S4) .
Genes of Treatment Responsiveness. Biological processes rendering animals responsive to the oral administration of LAC treatment were elucidated using GO analysis for the above-identified 205 markers of treatment response. We found meaningful gene categories that belong to peptide cross-linking, regulation of cell migration and gene expression, gland development and response to estrogen and steroid hormones, and, again, processes of metabolic regulation ( Fig. 3G and Table S3 ). We note that about 55 out of the 205 markers of treatment response were mediators of metabolic processes, indicating a critical role of energy homeostasis in the response to the antidepressant candidate, LAC. Interestingly, among the metabolic regulators above identified as genes that account for the depressive-like phenotype of FSL, only Lepr emerged in the cluster of 205 genes that confer responsiveness to LAC. Indeed, subsequent qPCR validation on larger biological replicate cohorts for the vDG confirmed that only nrFSL continued to show the same up-regulation of Lepr as veh-FSL (Fig. 4D) . Such differential regulation of Lepr in the vDG of rFSL and nrFSL indicates that adjustment in the hyperactivation of the leptin signaling is a feature of responsiveness to LAC treatment.
Genes Involved in Treatment Resistance: An Active Process with a New Gene Profile. To explore which biological processes (Fig.  3H ) and molecular functions (Fig. 3I) confer resistance in some FSL rats to low-dose LAC after exposure to a stress episode, we performed a functional classification analysis for the 27 genes involved in the resistance to treatment response. Meaningful gene categories include processes of biogenesis, cellular development, biological adhesion, and immune and metabolic regulation, and meaningful molecular functions include transcription factor, receptor and transporter activities, and enzyme regulator and binding activities (Fig. 3 H and I) . Because of the key role of LAC in mediating transfer of fatty acids from cytosol to mitochondria for subsequent β-oxidation (5) that is needed for energy homeostasis, it is noteworthy that nrFSL were characterized by alterations in fatty acid signaling because subsequent qPCR analysis confirmed threefold up-regulation in the vDG of Elovl7, a fatty-acid elongase, and Cyb5r2, a cytochrome-b NAD(P)H oxidoreductases implicated in fatty acid elongation, whereas such genes were not altered in both veh-FSL and rFSL compared with veh-FRL in vDG (Fig. 4  H and I) . Thus, development of resistance to antidepressant action is an active process with occurrence of a new gene expression profile, whereby altered regulation of fatty acid signaling seems to link resistance to response to LAC action in nrFSL. We also found a strong down-regulation of NPAS4 among the 27 treatment resistance genes; NPAS4 is an energy-demanding process that mediates reorganization of inhibitory synapses (19) . Such NPAS4 impairments are consistent with neuronal hyperactivity in the vDG of nrFSL that is in line with a hyperactivity of the glutamate system in the vDG as a result of mGlu2 decrease.
Our analysis of rFSL vs. nrFSL showed other changes that remain to be fully explored. One, in particular, is that whereas in rFSL transcription of the MR (Fig. 4E) , mGlu2 and InsR genes seem to be at the levels of veh-FRL, nrFSL showed a strong upregulation in MR and reductions in InsR in the vDG compared with FRL. These findings are in line with previous studies reporting a link between increased mineralocorticoid activity and insulin resistance via a decreased transcription of the InsR, an effect that is blocked by treatment with MR antagonists (20) .
vDG As a Hot Spot of Depressive-Like Behavior and Rapid AntidepressantLike Action. Because previous studies showed that hippocampal mGlu2 regulation is involved in depressive-like phenotypes and rapid antidepressant-like action, we screened such a target in our RNAseq databank and validated with subsequent qPCR. Indeed, FSL had reduced mGlu2 expression as previously reported (1) and this decrease was still observed in nrFSL, whereas mGlu2 levels were corrected in rFSL (Fig. 4F) along with a decrease in the immobility at the FST (Fig. 1 B-D) . A dynamic mGlu2 regulation has been shown recently in the vDG of chronically stressed mice, where windows of epigenetic plasticity that control behavior are seen in the immediate aftermath of stress with a glutamatergic hyperactivity of the vDG based on the continued down-regulation of the regulators of glutamate release, mGlu2 receptors, which normally inhibit neuronal glutamate release (21, 22) . Of note, nrFSL, which had lower mGlu2 in the vDG and high immobility at the FST compared with rFSL, also showed increased MR levels, in line with previous findings showing an MR-mediated down-regulation of mGlu2 that leads to glutamate overflow (8, 23 ) and contributes to depression in mice prone to develop anxiety and depressive-like traits after stress. Next, we performed an interaction network (IN) analysis to uncover the genes that connect mGlu2, MR, and Lepr because they seemed to be differentially regulated in response to LAC treatment in rFSL vs. nrFSL. The IN analysis identified NPY in a signaling associated with Lepr and significant comparisons with LAC-treated nrFSL. *P < 0.05, **P < 0.01, ***P < 0.001, # P < 0.05, ## P < 0.01.
mGlu2-mediated glutamate regulation along with neutrophic factors, such as tyrosine receptor kinase B (TrkB) and BDNF, that may play a role in the depressive-like phenotype of FSL and LAC action (Fig. 4J) . Indeed, NPY gene expression was decreased in the vDG of FSL, suggesting that the NPY decrease may be a consequence of the hyperactivation of the glutamate and leptin systems due to the MR-mediated decrease in mGlu2 and concomitant increase in Lepr, respectively. In rFSL, but not in nrFSL, the decrease in NPY was rapidly corrected by LAC (Fig. 4G ) along with increased mGlu2 levels, indicating that regulation of NPY and regulation of mGlu2 and Lepr in the vDG are markers of responsiveness to treatment. Previous studies also showed an interaction between leptin and NPY in that leptin activates NPY signaling to regulate energy metabolism. In mice, NPY injections into the brains stimulate feeding, whereas specific inhibition of NPY neurons induces a loss of appetite (24); these are factors that can be relevant to anhedonia, a hallmark of depression.
LAC Corrects Systemic Hyperinsulinemia and Hyperglycemia Associated with Endogenously Depressed FSL: Implications for Insulin Resistance.
Because of the central metabolic features we described in the vDG and because of the reciprocal communication between the brain and the body (25), we studied the effects of LAC treatment on plasma glucose, insulin, and triglyceride. Endogenously depressed FSL showed high plasma triglycerides levels vs. veh-FRL; this was corrected by a short LAC treatment in both rFSL and nrFSL (Fig. 5A) , suggesting that the system is attempting to respond to the treatment. Also, veh-FSL showed increased plasma glucose and insulin levels vs. veh-FRL. The increased glucose and insulin levels seemed to be corrected to the levels of veh-FRL only in rFSL, whereas nrFSL still had high glucose and insulin levels ( Fig. 5 B and C) . These results suggest that nrFSL showed systemic insulin resistance that reflects central metabolic changes in the vDG, and vice versa.
Discussion
Although impairments in energy processes have been associated with multiple disorders, including neurological and psychiatric diseases, less is known about the role that regulation of energy metabolism plays in depression and in the responsiveness and/or resistance to antidepressants. We report that signatures of central and systemic metabolic syndrome are associated with the depressive-like phenotype of endogenously depressed FSL and that LAC oral administration exerts rapid antidepressant-like effects while improving energy regulation in the vDG and reducing hyperinsulinemia and hyperglycemia systemically. Such understanding may be critical for the development of novel antidepressants with a higher rate of response and rapid onset of therapeutic effects, considering that patients suffering with depression show a variety of symptoms that are features of impaired energy homeostasis, such as abnormalities in appetite, and physical inactivity, among other symptoms (26) .
Rapid Impact of LAC on Central and Systemic Energy Regulation and
Mood Abnormalities. Here, we show that energy regulation via metabolic pathways is a target of LAC antidepressant treatment in the vDG, a limbic brain region important for depression and resilience to stress (22) . While improving central deficits in the vDG and depressive-like behavior, LAC rapidly corrects systemic metabolic alterations in insulin and glucose levels associated with FSL. Previous studies have shown that systemic injections of LAC rapidly correct behavioral abnormalities (i.e., low sucrose preference and passive behavior at FST) associated with FSL via an epigenetic regulation of acetylation of histone H3K27 bound to the promoter of Grm2, which encodes for the regulator of glutamate release mGlu2 in hippocampus (1) . Neuroanatomically, the present study and other evidence (7) reveal that the vDG is a hot spot for an increased glutamate overflow due to mGlu2 decrease. Such glutamate overflow is concomitant with central metabolic alterations [e.g., upregulation in Insr, Lepr, Glut-4, Glut-12, and Cartpt, a prohormone involved in the regulation of appetite through NPY signaling (24)]. The occurrence of these central metabolic alterations along with systemic metabolic changes in endogenously depressed FSL indicates that the FSL can be a useful model for future research to study the mechanisms of comorbidity of depression and central and systemic metabolic impairments that is of great interest because of the high incidence of metabolic syndrome in depressed subjects (11, 12) . Here, the dysregulation in central insulin levels in FSL does not seem to involve the canonical mechanism of insulin resistance linked to Glut-4, which, instead, is up-regulated in the vDG of FSL, thereby suggesting that there may be an upstream mechanism in the insulin resistance associated with the depressive-like phenotype of FSL that could involve other glucose transporters, such as Glut-12. A similar link between insulin resistance and increased Glut-4 (27) was shown previously in hyperinsulemic-hyperglycemic rats, which show increased Glut-4 levels in the cerebellum (28) . Future work should study whether Glut-4 changes may reflect a compensatory response to deficits in central glucose levels and to the hyperactivation of the glutamate and leptin systems.
Role of Stress in Development of Treatment Resistance in Some
Individuals: Implications for Adjunctive Therapies. Although stress is well recognized as a key factor in precipitating a variety of disorders (29) , including depression, the role of stress in altering the responsiveness to antidepressants is less known. Recently, we showed that stress opens windows of epigenetic plasticity in atrisk individuals (22) and these temporary slots of plasticity can be manipulated by LAC pharmacological intervention to increase resilience, whereby structural plasticity of the medial amygdala stellate neurons plays an important role (30) . Here, our findings in endogenously depressed FSL subjected to an acute stress during LAC treatment show that an individual responsiveness to stress needs to be factored in toward the development of better therapeutics. Indeed, the nrFSL showed 27 genes that confer resistance to treatment after stress exposure, interfering with LAC-induced gene changes evident in nrFSL that resemble those that LAC produces in rFSL. Among those 27 genes are two metabolic regulators of fatty acid elongation, namely Elovl7 and Cyb5r2, suggesting that altered metabolic processes, including fatty acid metabolism, play a yet-to-be-determined role in resistance to LAC after stress exposure. These changes are concomitant with impairments in high-energy demanding processes of inhibitory synaptic reorganization as indicated by NPAS4 down-regulation in the vDG of nrFSL. Such regulation of NPAS4, and mGlu2, points to regulation of neuronal hyperactivity of the vDG as a target for overcoming treatment resistance. Moreover, nrFSL with still elevated systemic levels of glucose and insulin showed up-regulation of MR, and decreased mGlu2, in the vDG along with a degradation of the InsR, whereas rFSL did not. Previous findings have shown that MR activation mediates, in hippocampus, stress-induced down-regulation of mGlu2 that further exacerbates overflow of glutamate (8, 23) , which is known to contribute to depression (16) . Also, previous studies have reported a link between increased MR activity and show high plasma glucose and insulin levels compared with FRL, and this increases are rapidly corrected by LAC in rFSL only, whereas nrFSL show still high glucose and insulin levels that reflect occurrence of an insulin-resistant state after stress exposure that is associated with a still-high immobility time at the FST time in such subset of animals not responding to the treatment. Bars: mean + SEM, *significant comparisons with veh-FRL, # significant comparisons with LAC-treated nrFSL. **P < 0.01, # P < 0.05.
insulin resistance via a decreased transcription of the InsR and consequent inability to lower glucose levels, an effect that is blocked by treatment with MR antagonists (20) . Hence, based on our findings and previous evidence, agents such as LAC, by reducing the MR-mediated mGlu2-driven glutamate overflow, could be useful in the treatment of insulin resistance with comorbid depression. This idea is supported by previous findings showing that an NMDA-mediated hyperactivity of the glutamate system causes phosphatases to inactivate insulin receptor with consequent development of insulin resistance (31) . Human studies have also shown that LAC therapy ameliorates insulin resistance (32) . Future studies are warranted to investigate LAC efficacy in humans with depression and LAC could also be considered for treatment of insulin resistance in depressed subjects. FSL are also known to be deficient in leptin and adiponectin, and adiponectin is related to some symptoms of depression in humans (33) . Previous studies have associated a hyperactivity of the HPA axis with haploinsufficiency in adiponectin (34) , which stimulates fattyacid oxidation (35) , whose metabolism seems to be impaired in only nrFSL based on alterations in Cyb5r2-and Elovl7-mediated regulation of fatty-acid elongation. Therefore, our results suggest that adiponectin (33) may be relevant in determining occurrence of resistance to antidepressant treatment, and this is an interesting topic for future investigation.
In conclusion, we elucidated a previously unrecognized role of metabolic-regulator factors in depressive-like behavior and responsiveness to a putative rapid-acting antidepressant agent, LAC. These results further support a key role for the vDG. Furthering our understanding of how stress affects the responsiveness to therapeutics will ultimately contribute to improved treatments where an individual responsiveness to stress needs to be factored in.
Methods
All procedures were carried out in accordance with the National Institutes of Health, The Rockefeller University Institutional Animal Care and Use Committee guidelines, and the European (86/609/EEC) guidelines of animal care. All in vivo experiments were approved by the Karolinska Institutet Ethical Committee, according to Swedish and European guidelines. All efforts were made to minimize animal distress and to reduce the number of animals used in this study. See SI Methods for details of stress procedure, behavioral tests, gene expression, ELISA, RNAseq, and Bioinformatics analysis.
